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Green fluorescent protein (GFP) found in Aequorea victoria, a jellyfish characteristic of 
Northeast Pacific, is a luminescent protein that has led to a revolution in bio-imaging [1, 12]. 
Comprehensive mutagenesis efforts on the wild-type green fluorescent protein (wtGFP) have 
succeeded in new fluorescent probes, which range in the whole visible spectrum from blue to red 
[2, 3]. Recently honored by Nobel Prize in chemistry to three pioneers in the field, GFP plays an 
indispensable role in biological imaging and analysis, as it serves as a m rker for gene expression 
as well as proteins and allows visualization of dynamic events inside the living cell. Proving an 
immense impact of GFP in bio-imaging, recently neuroscientists have reported a remarkable 
genetic technique dubbed as “Brainbow”, which enabled them to visualize how the brain’s cell 
are connected to each other by using a palette of GFP mutants [4, 56, 94]. With the rapid 
evolution of fluorescent protein technology, the utility of GFP-like proteins for a wide spectrum 
of applications is now becoming fully appreciated.  
GFP comprises a strongly absorbing and highly fluorescent chromophore embedded in its 
protein β-barrel structure (Figure I.1). Highly efficient quantum yield (0.8) of GFP has been 
associated with a fluorescent chromophore adopting a cis and coplanar orientati n. A cis 
configuration is achieved by tight encapsulation of the chromophore inside the β-barrel fold and 
with contribution of a complex hydrogen bonding network constructed of several amino- cids 
2 
 
and water molecules [5, 6, 7-9, 41, 98]. Non-radiative relaxation is suppressed effectively due to 
the tight encapsulation of the chromophore which restrains its motion as well as chemically 
isolates it from the ambient, thus providing high fluorescence quantum yield. On the other hand, 
free GFP chromophore does not fluoresce [83-85].  GFP  is known to have deprotonated-cis (B-
form) and protonated-cis (A-form) forms of the chromophore and it is well accepted that 
conversion between these two forms take place [2, 5, 6, 8-11, 33-40, 46-48, 50, 95-97], although 
rare. In thermodynamic equilibrium at room temperature and pH=7, the population of A-form is 
twice that of B-form.  The excited state dynamics of GFP’s both cis forms (protonated and 
deprotonated) have been studied comprehensively using ultrafast fluorescence and absorption 
spectroscopies. 
 
Figure I.1.  Tertiary structure of wtGFP with p-HBDI chromophore inside the β-barrel. 
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Although GFP is a Nobel Prize winning protein, there are limited number of rp rts on 
the trans states of its chromophore (protonated/deprotonated).  This situation likely arises from 
nonfluorescent nature of the trans state, which not only prevents acces to the investigation of this 
state by fluorescence studies, but it also renders GFP a “useless” protein as a biomarker.  On the 
other hand, the trans state is of significance to GFP’s fluorescence intensity, if its population is a 
significant fraction of the population of the cis state (fluorescent state).  Additionally, neither 
trans ↔ cis nor protonated ↔ deprotonated transitions of the GFP chromophore are understood 
well.  Although these structural transitions are infrequent (i.e., less than ~1 s-1 per molecule), they 
are significant in determining the population of states.  Further, a better und rstanding of these 
transitions will enable the development of photoswitching proteins.   
The present thesis work reveals at least four different conformational states of GFP 
chromophore by single molecule surface-enhanced Raman scattering (SM-SERS).  In particular, 
the work exploits the novel “nanometal-on-semiconductor” SERS substrates dev loped by 
Kalkan et al [13-15].  In addition, our work shows significant evidence of transitions between th  
protonated/deprotonated and cis/trans forms of the GFP chromophore at single molecule level, on 
the basis of Raman scattering marker peaks of the GFP chromophore reported in the literature. 
Earlier, conformational changes of single protein molecules by SERS were captured in 
real time by only two investigations.  Namely, Habuchi et al. and Singhal and Kalkan monitored 
the conformational transitions in single molecules of GFP and photoactive yellow protein (PYP), 
respectively [16, 17].  To the best of Author’s knowledge, the present work represents the third 
SM-SERS protein investigation capturing conformational steps.  As a substantial enhancement 
over the previous two milestones by Habuchi et al. and Singhal and Kalkan, the present work is 
conducted at a higher time resolution of 50 and 100 ms.  Although SM-SERS work of Habuchi et 
al. also employed GFP, they only reported on the protonation/deprotonation transitions at a time 
resolution of 1 s [16].   
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SERS inherits Raman spectroscopy’s capability to elucidate molecular structure [18-20].  
The Raman spectrum of vibrational modes is entirely determined by molecular str cture.  
However, SERS offers a number of advantages over Raman spectroscopy for studying the 
conformational states of the GFP chromophore.  First, GFP is a very efficient luorophore.  Its 
optical excitation in the visible yields a strong fluorescence even far from the resonance, for 
example when the excitation is at red [5].  The strong baseline in the signal makes it very difficult 
to resolve the Raman peaks.  On the other hand, the fluorescence is quenched in SERS due to 
GFP to silver nanoparticle energy transfer [18-20].  In the absence of fluorescence, the vibrational 
modes can be clearly resolved.  Second, in the present thesis work, SERS was employed as a 
single molecule probe.  The advantage of single molecule spectroscopy over ensemble-averaged 
spectroscopy (i.e., Raman spectroscopy here) is the elimination of statistical averaging [21].  
Indeed, when SERS is conducted with higher concentrations, ensemble-averaged SERS yields a 
difficult spectrum to resolve due to overlap of signals from different state populations as well as 
heterogeneous broadening of the peaks.  On the contrary, sharp and resolvable peaks are acquired 
in SM-SERS.  Last but not least, the power of single molecule spectroscopy lies in the fact that 
transitions between states can be monitored at utmost precision, since agle molecule can be at 
one state at a time.  On the other hand, in an ensemble, the transitions may not occur collectively 
(in phase) or they may occur in a distribution of time scales.  In particular, this situation is valid 
for GFP, where the quantum efficiencies for trans/cis and protonation/deprotonation transitions 
are very low and these transitions cannot be triggered uniformly in time by a laser pulse.  Hence, 
time-resolved ultrafast spectroscopy cannot be employed to study the transitions in wtGFP.  
Therefore, SM-SERS has a high potential to elucidate the structural origin of GFP chromophore’s 
different states.   
Finally, the significance of the present work in understanding of proteins should be 
mentioned. Proteins are known to be the “biological workhorses” that carry out numerous 
5 
 
essential functions in every living cell [22]. Of all the molecules found in living organism, 
proteins play the most important role. They perform their role to move muscles, ense stimuli, 
control metabolism and growth, digest food, defend against pathogens, transport oxygen, and 
many more. Therefore, single molecule (SM) studies are critically needed to resolve the 
conformation-function relations in proteins [21]. 
The present thesis is organized as follows.  Chapter II follows with a review on GFP’s 
molecular structure and photo-physics as well as fundamentals of Raman scattering and SERS.  
Chapter III provides a detailed presentation of the experimental protocols f ll wed in the current 
study.  The experimental results and their analysis as well as interpretation are reported in 






LITERATURE REVIEW AND BACKGROUND 
 
II.1. Outline 
This Chapter provides a compact literature review on Green Fluorescent Protein’s (GFP) 
molecular structure and photophysical behavior. It also presents the background on fundamentals 
of Surface-Enhanced Raman Scattering (SERS).  
II.2. Green Fluorescent Protein 
 In 1955 it was first reported by Nicol et al. that Aequorea victoria (found at the west 
coast of North America) fluoresced in green when irradiated with ultraviolet light [23]. 
Shimomura et al. discovered green fluorescent protein from Aequorea victoria in 1961as a 
companion protein to aequorin. Both these proteins in Aequorea are involved in its 
bioluminescence. Bioluminescence involves oxidation of coelenterazine (luciferin) by an enzyme, 
aequorin (luciferase). While binding with three calcium ions aequorin oxidizes coelenterazine 
with a protein bound oxygen that results in a “Ca3-apo-aequorin-co-elenteramide” complex that 
emits blue light (470 nm) in vitro [25-27, 37, 38]. Interestingly, Aequorea does not emit blue; 
instead radiationless energy transfer occurs from aequorin to GFP that excites GFP and 
subsequently results in its green fluorescence (509 nm) [28, 29]. No binding between aequorin 
and GFP is observed in the solution. Shimomura et l. reported energy transfer can be obtained 
by coadsorption of aequorin and GFP on DEAE cellulose (Diethylaminoethyl cellulos ) 
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 membranes [31]. Both of these proteins were reported as unusual proteins of no particular 
importance. Their value became apparent in the course of later studies, and now, fifty years after 
their discovery, they are well known and widely used, aequorin as a calcium probe and GFP as a 
bio-marker protein [2, 5, 6, 41-45, 56-59, 90, 94]. 
Green fluorescent protein (GFP) is a 27 kDa protein possessing 238 amino acid residues. 
It has a unique 11 β-sheet barrel-like structure with a diameter of about 2.4 nm and a height of 4.2 
nm (Figure II.1) [5, 6, 41]. It is exceptionally stable due to its tightly packed “β- barrel” tertiary 
structure which is resistant to a number of biological denaturants, wide range of pH (5-12), 
temperature (i.e., it denatures at and above 78˚C) and chaotropic salts (i.e., it denatures at 8M 
urea) [5,6, 98]. The “β- sheets” form the walls of the barrel, and an α-helix runs diagonally 
through the barrel (Figure II.1a, b). The chromophore is in the center of the barrel and is linked 
by the α-helical stretch. Shimomura et al. deduced the structure of the chromophore of GFP in 
1979 and correctly proposed that the chromophore is a p-hydroxybenzylidene- imidazolid n (p-
HBDI) attached to the peptide backbone [30]. It is formed by an intramolecular autocatalytic 
cyclization from residues 65-67, which are Ser-Tyr-Gly in the native protin [5, 6, 41]. GFP 
chromophore possesses a cis conformation and is well protected in the ceter of the barrel (Figure 
II.1c). The barrel structure protects the chromophore and is presumably responsible for GFP’s 
stability [5, 6, 98]. The “chromophore-in- capsule” design of GFP is the key to its efficient 
fluorescence with a quantum yield of 0.8 [5]. First, the β-barrel holds back the rotational and 
vibrational motion of the chromophore, thereby impeding the radiationless pathways for 
relaxation of the excited chromophore [5, 6, 9, 32-36].  As illustrated in Figure II.2, the most 
distinct feature of p-HBDI is the presence of phenol and imidazolinone rings, which are 
essentially frozen in in-plane and cis configuration. Out-of-plane rotation between the two rings is 
argued to result in non-radiative relaxation of the excited state due to collapse of π-electron 
conjugation over the whole molecule and subsequent nonadiabatic crossing [32, 33]. Second, the 
8 
 
chromophore is shielded from fluorescence quenchers, such as O2 in the bulk solvent [5-8]. In 
this sense, GFP is reminiscent of a “hurricane lamp”, where a transpare t glass enclosure (β- 
barrel) shields the glowing flame (chromophore) from wind and rain. Indeed, free p-HBDI in 







Figure II.1.  Tertiary structure of wtGFP. The chromophore is located in the centr of the β- 
barrel: (a) side view; (b) top view; and (c) ball-stick model of the p-HBDI chromophore (red: O; 
blue: N; cyan: C). Figure: courtesy of Dr. Ali Kaan Kalkan and Natis Zad Shafiq (Functional 




Figure II.2.  The φ (C1-C2-C3-C4) and τ (N1-C1-C2-C3) dihedral angles of the GFP chromophore. 
In the protein R1 is Gly67 and R2 is Ser65. 
 
The optical absorption spectrum of GFP has two bands at 395 nm and 475 m, named the 
A and B bands, respectively (Figure II.3). Excitation at either wavelengths leads to intense green 
emission, either at 503 nm (475nm excitation) or 509 nm (395nm excitation) [5, 6]. The 395 nm 
absorption is generally attributed to a neutral/protonated form of the chromophore and the 
absorption at 475nm to an anionic/deprotonated form [5]. The protonated (A) and deprotonated 
(B) nature of these states was confirmed by X-Ray diffraction, ultrafast fluorescent spectroscopy, 
and studies of the effects of pH on the model chromophore (HBDI) [2, 5, 6, 8, 11, 33, 36, 37, 39, 



































Figure II.3.  Absorbance (1 cm optical path) and emission (normalized and under 365 nm 
excitation) spectra of 10-5 M wtGFP. Data: courtesy of Dr. Ali Kaan Kalkan and Natis 
Zad Shafiq (Functional Nanomaterials Laboratory, Oklahoma State University). 
 
 
Boxer et al. reported the time resolved fluorescence of wild type GFP (wtGFP) by 
ultrafast time resolved spectroscopy [10]. The neutral (A) form of the chromophore can convert 
to the anionic species (B) by going through the intermediate state (I). The equilibrium between 
these states is controlled by the internal hydrogen- bonding network, which is assumed to 
facilitate excited state proton transfer (ESPT) [5, 6, 8, 9, 11, 33-40, 46-48, 50]. Irradiation at 475 
nm excites the anionic chromophore (B→ *) which emits at 503nm [10, 89]. Irradiation at 
395nm excites the neutral state (A→ *) which rapidly decays to the excited intermediate I* via 
ESPT [47-49]. ESPT occurs by transfer of the phenolic proton from Tyr 66 to Glu 222 through 
the “proton pipeline” shown in the Figure II.4(highlighted in orange). Further, excitation of A 
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Figure II.4.  Excited state proton transfer (ESPT) mechanism. The red arrows illustrate ESPT 
during A*→I* in terms of the proton shuttle steps along the proton wire (in orange). Figure: 
courtesy of Dr. Ali Kaan Kalkan and Natis Zad Shafiq (Functional Nanomaterials Laboratory, 
Oklahoma State University). 
 
89]. Time-resolved fluorescence has revealed that A* (monitored at 460 nm) decays with time 
constants of 4 and 12 ps, while a concomitant rise of the 509 nm fluorescence occurs on the ame 
ps timescale [11, 33-36]. These observations have suggested that A* converts to an intermediated 
excited form I*, which subsequently decays to I (3 ns) that produces the 509 nm emission, or 
more rarely, can go through the non-radiative conversion I*→B  [11, 33-36]. I re-protonates and 
converts to A in a time scale of 400 ps [36, 49]. The similarity in the emission maxima of I*→I 
















































Figure II.5.  Summary of the photophysics in the wtGFP chromophore.  Figure: courtesy of Dr. 
Ali Kaan Kalkan (Functional Nanomaterials Laboratory, Oklahoma State University). 
 
thought to be an unrelaxed from of B with a lower degree of H-bond stabilization at the phenol 
oxygen [5, 6, 11, 33-36]. Finally, the absorption peak corresponding to I→I* is found at 490 nm 
[39, 40]. So far discussed photo-physics is summarized in Figure II.5. 
II.3. Surface Enhanced Raman Scattering (SERS) 
C. V. Raman discovered the Raman effect in 1928 [51].  The theory behind this effect 
was first postulated by Smekal in 1923 [52]. The Raman effect is inelastic scattering of photons 
due to their interaction with the vibronic states where a vibrational quantum is excited (Stokes 
Raman scattering) or annihilated (Anti- Stokes Raman scattering) (Figure II.6) [51-55]. In recent 
years Raman spectroscopy has attracted a significant interest in the study of bio-molecules 
because it provides a great deal of information about molecular structure. However, Raman 
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spectroscopy is limited to high concentrations of analyte due to small Raman cross sections of the 
molecules which are on the order of 10-34 cm2 [53-55]. On the other hand, fluorescent 
spectroscopy exploits fluorescence cross sections on the order of 10-17 cm2 [53-55]. Fortunately 
however, in 1977, it was observed by Fleishman et al. that the Raman scattering could be 
dramatically enhanced when molecules are adsorbed on rough metallic surfaces [60]. This effect 
is known as surface enhanced Raman spectroscopy (SERS) and can account for 1014 fold 
















Figure II.6.  Energy level diagram demonstrating Raman scattering. Thickness of lines indicates 




The origin of the SERS effect has been attributed to two mechanisms.  The major 
contribution to SERS is known as the electromagnetic enhancement (EM) mechanism and it 
involves concentration of the incident and scattered field in proximity of metal nanostructures 
[18-20, 53-55, 62, 70].  The field concentration, in turn, is caused by excitation of oscillating 
dipoles in the metal nanostructures. The oscillating dipole is created by in-phase coupling of the 
free electron gas of the metal nanostructure to the incident field once the haracteristic size of the 
metal is significantly smaller (i.e., 20 times or smaller) than the wavelength of the incident 
radiation.  These collective (in-phase) oscillations of the electrons are known as “plasmon 
resonances” [18, 19, 61, 62].  Increases in the intensity of Raman signal have been regularly 
observed on the order of 104-106 for single particles, and can be as high as 108 and 1014 for 
aggregates of nanoparticles [18-20, 53-55, 61-68]. 
The second contributor to the SERS effect is known as chemical enhancement, or 
“Charge Transfer Model” (CT) [18-20, 53-55, 63, 69]. As Raman scattering is governed by the 
relation, (Eα)4 (where, E = amplitude of the electric field and α = molecular polarizability), then 
SERS must involve an increase in either or both of the terms E  and α [18-20, 52-55, 61-68].  The 
EM theory addresses the enhancement of the electric field (E) and proposes that observed 
enhancement is due to surface plasmons. On the other hand, CT model is concerned with the 
enhancement of the molecular polarizability (α) and is based on the principle that an adsorbed 
molecule can, under specific conditions, interact with a metal surface in such a way that there is a 
large increase in molecular polarizability. However, the existence of a CT enhancement is itself 
not in doubt, the level to which it contributes to SERS signal is still a matter of debate. One 
common feature between these two theories is that both require surface roughness for spectral 
enhancement to occur. SERS is observed primarily for analytes that adsorb on mintage (Au, Ag, 




In 1997, Nie et al. demonstrated SM-SERS for the first time from rhodamine 6G (R6G) 
molecules and showed that a very small number of nanoparticles exhibit unusually high 
enhancement efficiencies [20]. These particles emitting bright lit (Stokes-shifted) towards the 
longer wavelengths were termed as “hot particles” by Nie et al. [20]. However, to screen these 
hot particles Nie et al. followed an extensive approach. They prepared Ag colloid solution by the 
procedure followed by Lee t al. [102]. Unfortunately, the citrate ions adsorbed on the Ag 
nanoparticles in this procedure hinder analyte adsorption. As a remedy, Ni et al. incubated an 
aliquot of the colloid with R6G molecules for an extended period of time (~ 3 hours) at room 
temperature. Subsequently, the analyte adsorbed Ag particles were immobilized on polylysine-
coated glass surfaces prior to the SERS. Finally, this turned out to be a lengthy preparation 
procedure and it has to be repeated for every different analyte sample. Although this discovery by 
Nie et al. implicated the possibility of trace level detection, however, due to its extensive 
preparation procedure this technique has found only a limited use since its first demonstration.  In 
this present thesis work a unique approach of SM-SERS has been adopted from the technique 
demonstrated by Kalkan et al. [14, 15] and further modified by the author. This specific technique 
was found to be more efficient than the approach followed by Nie et al.[20], as the preparation of 
the SERS experiment in this method was less time consuming and straightfo ward. Detailed 











This Chapter provides the details of the measurement conditions and protocols that are 
employed in the detection of single GFP molecules. It also discloses the procedu es of 
“nanometal-on-semiconductor” substrate fabrication. 
III.2. Semiconductor Thin Film Deposition 
The “nanometal-on-semiconductor” SERS substrates employed in the present th is work 
consist of monolayers of Ag nanoparticles chemically reduced on thin germanium films [14, 15]. 
The Ge film not only immobilizes the nanoparticles, but it also serves as the reducing agent 
during the synthesis of nanoparticles. The reducer germanium thin films were deposited on 2" × 
1" Corning 1737 code glass slides. An extensive cleaning protocol was followed during the 
preparation of thin films to get rid of all foreign particles as well as organic residues from the 
glass surface. Glass slides were immersed in a 50% IPA (isopropyl alcohol) solution (125 ml of 
DI water + 125 ml of 99% IPA) and a brush was used to scrub off organic residues and particles. 
Subsequently, ultrasonication of the glass substrate in 50% IPA solution was carried out at a 
temperature of 70˚ C for 10 minutes. Glass slides were then rinsed in d ionized (DI) water under 
ultrasonication at 70˚ C for 5 minutes to remove all IPA residues. Aftertaking the glass slides out 
of the ultrasonicator, they were blow dried with nitrogen/argon gas. The cleaned slides were then  
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Figure III.1.  Schematic of physical vapor deposition (PVD) system employed to deposit thin 
semiconductor films.   
 
A Cressington 208 Physical Vapor Deposition (PVD) system was employed to deposit 
thin Ge films on the cleaned glass slides. Figure III.1 shows the schematics of the PVD process. 
As shown in the diagram, small pellets of germanium were placed inside the tungsten basket and 
the glass slide was positioned on the deposition stage. A turbo pump backed by a mechanical 
pump was used to create a vacuum with a base pressure of 4 × 10-5 mbar inside the chamber. 
Germanium pellets were melted by the resistance heating in the tungsten ba ket as the electric 
current adjustably increased through it. Crystal thickness monitor was set to zero before starting 
the deposition (shutter closed). After setting the density for Ge (5.32 g/cm3) the rate of deposition 
was set to a pre-decided value of 2.5 Å/s by adjusting the current passing through the basket. 
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Then, the shutter was opened to start deposition of the germanium film. A thin film of 4.5 nm was 
thus coated in approximately 18 seconds after which the shutter was closed and current was set to 
zero.  Subsequently, the chamber was allowed to cool down under vacuum for 15 min before it
was vented and the sample was removed. 
III.3. Nanoparticle Reduction 
 Once the 4.5 nm thick Ge film was deposited, it was immersed in 0.002 M AgNO3 
solution for 20 to 25 seconds to reduce Ag nanoparticles. A schematic of the reduction process 
employed to prepare these SERS substrates is shown in the Figure III.2. 
 
Figure III.2.  Illustration of the silver nanoparticle reduction process on Ge thin films for the 
preparation of SERS active substrates 
 
 
III.4. Acquisition of SM-SERS Spectra of wtGFP 
SM-SERS measurements were performed with WITec alpha300R system. A 532 nm 
Nd:YAG (neodymium-doped yttrium aluminium garnet;Nd:Y3Al 5O12) laser was used as an 
excitation source. A grating of 600 g/mm was employed. In a typical SM-SERS acquisition, a 1 
µL aliquot of 1×10-9 M wtGFP was spotted on a SERS substrate.   Then the substrate was sealed 
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inside a spectrophotometer cell (Starna cell; 12.5×3.5×45 mm3). Inside the cell, the aqueous 
aliquot reaches thermodynamic equilibrium with water vapor quickly and it does not dry. 
An objective lens of 20× was employed for excitation as well as collectin of the signal.  
It was focused at the aliquot-substrate interface (i.e., Ag nanoparticles). Laser spot size was fixed 
around 5 µm. Two different incident powers of 100 µW and 700 µW were employed. The signal 
integration time was set to 50 and 100 ms for high (700 µW) and low (100 µW) excitation power, 
respectively. Graphical illustration of the SERS acquisition is shown in Figure III.3. 
 
Figure III.3.  Schematics of the SM-SERS acquisition. 
Ensemble averaged SERS scans were performed using a Renishaw RM 1000 system 
equipped with a CCD detector. For these measurements, a 514nm Ar+ ion laser (Spectra-Physics 
160 series) was employed to excite SERS. Measurements were carried out with a 20% defocusing 
of the laser probe to reduce photo-bleaching while keeping the spot size around 20 µm. A 1 µL 
aliquot of 1.0 × 10-7 M wtGFP was spotted on the SERS substrate and a 20× objective lens with a 
numerical aperture of 0.4 was focused at the aliquot— substrate interface while conducting the 
SERS measurements. Three different laser intensities (3.4. 5.5 and 7.5 mW) were employed for 
ensemble average measurements. The signal integration time was set to 20 s. A grating of 1800 
l/mm was used and centered at 1350 cm-1.
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CHAPTER IV  
 
RESULTS AND DISCUSSIONS 
 
IV.1. Outline 
The present Chapter discloses and analyzes the time series SERS spectra of GFP single 
molecules.  Under 532 nm laser excitation, a minimum of 4 conformational states of the GFP 
chromophore are observed as trans/cis and protonated/deprotonated combinatins.  Among these 
4 states, the transitions occur in between certain pairs of states, which line-up in a cyclic pattern.  
Further, population of the 4 states and the probability of transitions (i.e., protonation ↔ 
deprotonation and cis ↔ trans) between them are investigated as a function of laser intensity.  
Particular transitions are found to be more frequent leading to increasing population of certain 
states.  This effect is pronounced with increasing laser intensity.  All results are summarized in 
the form of histograms at the end of the Chapter. 
IV.2. Capturing SM-SERS spectra of GFP molecules 
Aliquots of 1 × 10-9 M GFP were spotted on the SERS substrate and excited with the 532 
nm Nd:YAG laser at two different incident powers of 100 and 700 µW.  A 20× lens with a 
numerical aperture of 0.4 was focused at the aliquot-substrate interface and the laser spot size was 
set to around 5 µm. Subsequently, time series SERS spectra were collected with an integration 
time of 50 or 100 ms. While capturing the SERS spectra, sudden appearance of sharp and narrow
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peaks on the weak spectral background were observed once every 30 seconds on the average. 
These temporal spectra with well resolved narrow peaks are referred as” Jumps”, which generally 
sustain less than a second. These spectral jumps are attributed to single GFP molecule diffusing 
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in/out of the high SERS enhancement factor sites on “nanometal-on-semiconductor” substrates. 
Such high SERS enhancement factor sites on the substrate involve concentration of 
electromagnetic fields (as discussed earlier in the background chapter) in proximity of metal 
nanostructures, are typically known as “hotspots” [18-21]. Several lines of evidence indicate that 
the aforementioned spectral jumps arise from single GFP molecules adsorbed at the hotspots as 
discussed below. A representative single GFP SERS jump is shown in Figure IV.1 in terms of 
time series spectra at 100 ms intervals. 
IV.2.1. Minor temporal fluctuations in peak wavenumbers 
When a spectral jump as in Figure IV.1 is analyzed, the SERS peaks are observd to 
undergo temporal and random wavenumber shifts. These spectral fluctuations occur within ±5 
cm-1 in consecutive spectra as exhibited by the spectral jump of Figure IV.2a. The minor temporal 
fluctuations are considered as an evidence of capturing single GFP molecules.  
When a GFP molecule adsorbs to a Ag nanoparticle surface, it has a certain d gree of 
translational and rotational freedom due to the weak adsorption. The restricted, however not 
completely inhibited freedom of GFP leads to a slowed-down motion of the molecule on the Ag 
surface. This motion of the GFP, induces alternating stresses on its β-barrel structure and thereby 
creates slight alteration in bond lengths and angles of the chromophore inside the barrel. The 
consequence is minor frequency fluctuations of ±5 cm-1. Such small temporal fluctuations in 
peaks frequencies were reported in earlier for SM-SERS works and referred as typical 
characteristics of single molecule SERS [18-21, 71-76]. 
IV.2.2. Relative intensity fluctuations of the peaks 
 Time series SERS spectra of GFP as discussed above also reveal relative intensity 
fluctuations of the Raman peaks during a jump as seen in Figure IV.2b. While a single GFP 
molecule radiates detectible SERS signal in a hotspot, it may adsorb to the Ag surface in a variety  
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Figure IV.2.  Time series SERS spectra of a single GFP molecule (1250 - 1400 cm-1 range of 
Figure IV.1) exhibiting: (a) random frequency fluctuations; (b) relative intensity fluctuations of 
the peaks. Arrows indicate (a) relative spectral shifts and (b) relative intensity fluctuations with 
respect to the previous scan. 
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of orientations. The surface-enhanced field is normal to the Ag surface. The SERS intensity for a 
vibrational mode depends on how well the corresponding Raman transition moment aligns with 
the enhance-field. Accordingly, if the transition moment is normal to the surface too, then the 
intensity of the SERS peak is maximized. In turn, the direction of Raman transition moment 
depends on the orientation of the molecule. Further, different vibrational modes have transition 
moments in different directions. Hence, a particular orientation of the molcule can maximize 
some Raman peaks, while subdue others. As a result, rotation of the GFP on Ag surface i  
expected to yield temporal variations in the ratio of peak intensities. In an EA measurement such 
variations are averaged out yielding a stable spectrum. However, for single molecules, the 
absence of averaging reveals such heterogeneity. Hence, relative intensity fluctuations in SERS 
can be considered as an evidence for single molecules. 
IV.2.3. Structural transitions 
 Time series SERS spectra of single GFP molecules also reveal sudden disappearance of 
certain peaks with concomitant appearance of new peaks (Figure IV.3, spectra 8 and 9). Because 
a GFP molecule can stand in a single conformation at a time, such spectral changes indicate 
certain structural transitions between distinct forms of a single GFP molecule chromophore. 
Unlike, the minor temporal frequency shifts, the shifts discussed here ar  in the range of at least 
±15 cm-1. Further, they are persistent for a longer period of time. As illustrated by Figure IV.3, 
the sudden frequency shift between spectra 6 and 8 (from 1560 cm-1 to 1530 cm-1) suggests such a 
transition of a GFP chromophore (here protonated→ deprotonated) [16]. More detailed discussion 
on different forms of GFP and transitions between the forms will be provided later in this 
Chapter. Observing such individual molecular activity in consecutive SERS scans also holds 
strong evidence of capturing single GFP molecules. On the other hand, in EA measurement such 
transitions cannot be resolved and mutually exclusive peaks appear together du  to the co-






































































Figure IV.3.  Time series SERS spectra of a single GFP molecule illustrating structural 





However, in few spectra of Figure IV.3, Raman peaks defining two different forms of the 
chromophore are found simultaneously (Figure IV.3 spectra 6), which suggest structural 
transition of the chromophore between two different forms (i.e., here protonated→deprotonated) 
during that particular time interval [16]. 
IV.2.4. Elimination of heterogeneous broadening 
 As seen from the Figure IV.4, our captured single molecule SERS spectra of GFP exhibit 
sharper and narrower peaks in comparison to the spectrum captured from an ensemble-av raged 
SERS measurement, which can be considered as yet another evidence of capturing single GFP 
molecules. As discussed in Section IV.2.1, a GFP molecule at a certain form may also exhibit 
small variations in Raman peak positions wit in ±5 cm-1 as a result of its changing adsorption 
configurations. In an ensemble-averaged measurement, the signal is averaged from a large 
number of molecules. Consequently, such diversity of peak positions is averaged out and thereby, 
heterogeneous broadening in the spectrum is found. On the other hand, heterogeneous broadening 
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Figure IV.4.  Ensemble-averaged SERS (EA-SERS) vs single molecule SERS spectrum (SM-
SERS) of GFP. The captured molecules in SM-SERS are exhibiting Raman peaks primarily 
characterizing (a) deprotonated form and (b) protonated form of the GFP chromophore. 
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IV.3. Observing 4 different states 
As reported in the literature so far, vibrational mode assignments of GFP chromophore 
are based on the ensemble-averaged Raman measurements on HBDI (4-hydroxybenzylidene-2, 3-
dimethyl-imidazolinone) and HBMIA (ethyl 4-(4-hydroxyphenyl) metheylidene-2-methyl-5-
oxoimidazolacetate), synthetic analogs of the GFP chromophore [50, 80]. This sort of Raman 
measurement on wtGFP is very difficult as its optical excitation in the visible yields a strong 
fluorescence even far from the resonance [5, 6, 10].  The strong baseline in the signal makes it 
very difficult to resolve the Raman peaks. Therefore to avoid such difficulty, researchers adopted 
nonfluorescent HBDI and HBMIA for ensemble-averaged Raman measurements. However, the 
fluorescence is quenched in SERS due to GFP to silver nanoparticle energy transfer [18-20]. In 
the absence of fluorescence, the vibrational modes can be clearly resolved. In this present thesis 
work, to verify the consistency of our results, we performed ensemble-averaged SERS (EA-
SERS) measurement on wtGFP at three different laser powers (i.e., 3.4, 5.5 and 7 mw) (Figure 
IV.5). Our EA-SERS spectrum of wtGFP agrees well with the Raman spectrum of wtGFP, EGFP 
(enhanced green fluorescent protein), HBDI and HBMIA with in a deviation of ±5 cm-1 [16, 50, 
83-86]. However, few differences were found (Table IV.1). A summary of the vibrational 
markers assignments for the protonated/ deprotonated and cis/trans forms o  GFP and related 
proteins/chomophores (i.e., wtGFP, RFP, EGFP, HBDI, HBMIA etc) is compiled in the Table 
IV.1. 
 In 2003, Habuchi et al. reported ensemble-averaged Raman spectrum of neutral (i.e., at 
pH 5.0) and anionic (i.e., at pH 7.4) forms of EGFP and assigned the vibrational fingerpri ts for 
the protonated/deprotonated forms of the EGFP chromophore [16]. They attributed the peaks 
around 1560 cm-1 and 1530 cm-1 to the “protonated” and “deprotonated” form of the 
chromophore, respectively, based on the isotopic labeling and normal-mode analysis on HBDI by  
He et al.[16, 50, 80]. Both bands have been ascribed to the delocalized imidazolinone/ ex cyclic 
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C=C stretching mode of the chromophore.  This mode is dominated by stretching of the C=N 
double bond of the imidazoline ring and stretching of the C=C double bond linking the two rings 
and referred to as the “C=N stretch” [16, 50, 80]. Our EA-SERS spectra from wtGFP reveal two 
peaks at 1562 cm-1 (protonated) and 1531 cm-1 (deprotonated), which show excellent consistency 
with the assignments made by Habuchi et al. 













































Figure IV.5.  Ensemble-averaged SERS spectra of 1 × 10-7 M wtGFP acquired under 514 nm 
excitation at: (a) 7.5 mW; (b) 5.5 mW; and (c) 3.4 mW excitation. 
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Gray:  Inferred from the authors data and assigned by us 
a Data obtained from neutral form of chromophore at pH 5.5. “trans” peak agrees with Loos et al. Peak at 
1234 cm-1 found to be the closest of the “cis” (1260 cm-1) peak suggested by Loos et al. 
b Data obtained from anionic form of chromophore at pH 14.  
c Bands found to be consistent with cis/trans markers as suggested by Loos et al. 
d Bands found to be consistent with protonation/deprotonation markers as suggested by Habuchi et al. 
e Data obtained from neutral form of chromophore at pH 4.5. “cis” and “trans” bands agree with Loos et al.  
f Data obtained from anionic form of chromophore at pH 11.20. “cis” band agrees with Loos et al. 
g Data obtained after Hg arc lamp (254 nm) irradiation f r 90 min. 
 
 
Later in 2006, Loos et al. suggested vibrational fingerprints for the “cis” and “trans” 
forms of the red fluorescent protein (RFP) chromophore, based on the Raman spectrum of RFP 
variants (i.e., eqFP611 and DsRed) from the sea anemone Entacmaea quadricolor [81]. 
Chromophore of these red fluorescent proteins contains an extended π-conjugated system; 
however, the remaining chemical structure is identical to the chromophore of the wtGFP. X-ray 
crystallographic studies confirm the chromophore of eqFP611and DsRed to be in a coplanar 
“trans” and coplanar “cis” configuration, respectively. Upon irradiation (532 nm), variant 
eqFP611 undergoes a permanent trans to cis isomerization. Consequently, Raman spectrum of 
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eqFP611 becomes identical to the Raman spectrum of DsRed through a spectral shift f om 1281 
cm-1 to 1263 cm-1. Hence, Loos et al. attributed the peaks at around 1260 cm-1 and 1280 cm-1 to 
the “cis” and “trans” form of the red fluorescent protein chromophore, respectively [81, 82]. Our 
EA-SERS data from wtGFP indicate peaks at around 1256 cm-1 and 1281 cm-1, which agree well 
with the cis/trans assignments on RFP chromophore by Loos et al. Although RFP is a different 
protein than GFP, due to significant similarity between the chemical structure of GFP and RFP 
chromophore, we adopted these “cis” and “trans” markers of RFP chromophore for GFP 
chromophore. 
 More recently, Luin et al. reported Raman spectra of cis and trans forms of GFP(Y66), a 
synthetic analogue of GFP chromophore and suggested possible vibrational markers for cis/trans 
forms of the GFP chromophore [99, 100]. Unfortunately, their suggested vibrational m des are 
not found to be consistent with our spectra. However, as inferred from their data, a shift of 
vibrational mode at 1270 cm-1 to 1290 cm-1 is noticed for cis to trans form of the chromophore. 
Although Luin et al. didn’t comment on this spectral shift, this observation (by the author of the 
present thesis) is consistent with the vibrational mode assignments made by Loos et al. (i.e., cis 
marker at 1260 cm-1 and trans marker at 1280 cm-1) [99, 100]. 
 Based upon the Raman peaks assignments discussed above, it is apparent that GFP has at 
least four different conformational states as the combinations of protnation/deprotonation and 
cis/trans forms (i.e., cis/protonated, cis/deprotonated, trans/protonated and trans/deprotonated). It 
is well established that cis/protonated and cis/deprotonated forms of the chromophore attributes to 
the A and B state of GFP, respectively [16, 50, 80]. However, reports on the “trans” version of 
the chromophore are still limited and also controversial. In 2003, Nifosi et al.demonstrated the 
existence a nonfluorescent dark state, whose optical absorption is at higher energies than state A 
and B [91]. They claimed this state to be the trans and neutral form of the chromophore and 
termed it as the C state [91-93]. However, no real evidence of capturing rans/deprotonated form 
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of the chromophore was reported earlier. In the present work, for the fist time, we provide 
evidence of capturing such a state with trans/deprotonated configuration of the chromophore. For 
consistency with the present nomenclature, we named this state (i.e., trans/deprotonated) of the 
chromophore as the D state.  
Table IV.2 shows the primary markers that identify different conformational states of 
GFP chromophore. In addition, Figure IV.6 illustrates SM-SERS spectra captured from single 
GFP molecules at 4 different conformational states at 100 µW excitation: (i) A state (cis & 
protonated); (ii) B state (cis & deprotonated); (iii) C state (trans & protonated) and (iv) D state 
(trans & deprotonated). 
 
Table IV.2.  Vibrational (Raman) markers adopted in the present thesis work for characterizing 
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Figure IV.6.  SM-SERS spectra captured from individual wtGFP molecules illustrating (a) A 
state, (b) B state, (c) C state and (d) D state. The corresponding chromophore structures are 




IV.4. Observing transitions between the states 
 As discussed earlier in Section IV.2.3, time series SERS measurements on si gle GFP 
molecules reveal certain structural transitions between distinct forms of its chromophore. 
Accordingly, we observed transitions between 4 chromophore states (A, B, C and D state) under 
two different laser excitations (i.e., 100 and 700 µW). Among 4 states of the GFP chromophore, 
transitions involved between certain pair of states (i.e., A↔B, B↔D, D↔C and C↔A), which 
line up in cyclic pattern as represented in Figure IV.7.  
 
Figure IV.7.  Transitions involved with A, B, C and D states of GFP chromophore corresponding 







IV.4.1. Transitions observed at 100 µW laser excitation 
The time evolution of SERS spectra of a single GFP molecule adsorbed at th  hotspot is 
shown in the Figure IV.8. Consecutive SERS scans reveal transitions of the molecule between A 
and B states through protonation↔deprotonation. Initially, molecule was captured in the B state 
as confirmed by the cis (1266 cm-1) and deprotonated (1526 cm-1) peaks on the spectrum 2. An 
important observation within the series of spectra is the sudden frequency shift from 1526 cm-1 to 
1565 cm-1 between spectra 3 and 4. This shift in the peak position has been attributed to the 
transition of the GFP chromophore from deprotonated to protonated form by Habuchi et al [16]. 
However, as this specific GFP molecule’s chromophore stays in the cis (peak at 1266 cm-1) 
configuration throughout the transition period, it confirms molecule’s conversion from the B 
(cis/deprotonated) to A (cis/protonated) state. An opposite transition is observed between the 
spectra 6 and 7, where the peak at 1565 cm-1 (protonated) shifts to 1526 cm-1 (deprotonated), 
consequently indicating GFP molecule’s transition from A to B state. More evidence of 
transitions between the states A and B are exemplified in the Figure IV.9.  
Interestingly, similar kinds of transitions were also observed for the trans state of the GFP 
chromophore, namely C and D state. Time series SERS spectra in the Figure IV.10 illustrates 
GFP molecule’s transition from the D to C state. In this particular case, GFP molecule was 
captured in the D state which is confirmed by the trans (1288 cm-1) and deprotonated (1526 cm-1) 
peaks in the spectrum 2. Consecutive SERS scans reveal sudden spectral hift from 1526 cm-1 
(deprotonated) to 1565 cm-1 (protonated) between spectra 4 and 5, which confirms GFP 
molecule’s transition from D (trans/ deprotonated) to C (trans/protonated) state. Moreover, the 
spectral series depicted in the Figure IV.11 clearly display the reversibility of the transformation 
between these two states (i.e., C→D). Further evidence of transitions between the states C and D 
are represented in the Figure IV.12.  
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So far discussed transitions (i.e., A↔B and C↔D) are based on the 
protonation↔deprotonation of the GFP chromophore. Previously, Habuchi et al. observed these 
sorts of transitions for the EGFP chromophore at single molecule level [16]. However, they didn’t 
distinguish between the cis/trans forms of the EGFP chromophore. In an addition, in his present 
thesis work, we also observed conversions between the cis/trans fo ms of the GFP chromophore, 
which involves transitions of the molecules between A↔C and B↔D states.  
Time series SERS spectra illustrated in the Figure IV.13 reveal transitions between 
the states A and C of the GFP chromophore. Here molecule was captured in the C state as 
confirmed by the trans (1286 cm-1) and protonated (1561 cm-1) peaks in the spectrum 2. Spectral 
shift is noticed form 1286 cm-1 to 1268 cm-1 between spectra 3 and 4, which indicates trans→ci  
isomerization of the GFP chromophore, while staying in the protonated form. Hence, this 
particular shift in the wavenumber (i.e., from 1286 cm-1 to 1268 cm-1) indicates conversion of the 
molecule from C (trans/ protonated) to A (cis/protonated) state. Further, spectra also display the 
reversibility of the conversion (i.e., A→C) between the two states between spectra 17 and 18. 
Few more evidences of similar conversions are exemplified in the Figure IV.14.  
Moreover, transitions between the states B and D of the GFP chromophore were also 
observed as illustrated in the Figure IV.15. Time series SERS spectra show molecule was 
captured in the B state (cis/ deprotonated) and eventually it converted into the D state (trans/ 
deprotonated) under laser excitation. Spectral shift from 1266 cm-1 to 1285 cm-1 between spectra 
2 and 3 indicates cis→trans isomerization of this particular GFP molecule, while holding the 
deprotonated configuration. Reversibility of this transition was also observed for a different GFP 
molecule and reported in the Figure IV.16.  
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Figure IV.8.  Time series SERS spectra of a single GFP molecule at 100 µW laser excitation 
(100 ms integration time). Molecule captured in the B state (cis/deprotonated) and converts into 
the A state (cis/protonated). 
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Figure IV.9.  Time series SERS spectra illustrating transitions between the states A and B of 
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Figure IV.10.  Time series SERS spectra of a single GFP molecule at 100 µW laser excitation 
(100 ms integration time). Molecule captured in the D state (trans/deprotonated) and converts into 
the C state (trans/protonated).  
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Figure IV.11.  Time series SERS spectra of a single GFP molecule at 100 µW laser excitation 
(100 ms integration time). Graph shows transitions between the C (trans/p otonated) and D 
(trans/deprotonated) state of the GFP chromophore.  
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Figure IV.12.  Time series SERS spectra illustrating transitions between the states C and D of 
individual GFP molecules (100 ms integration time, 100 µW laser intensity). 
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Figure IV.13.  Time series SERS spectra of a single GFP molecule at 100 µW laser excitation 
(100 ms integration time). Graph shows transitions between the C (trans/p otonated) and A 
(cis/protonated) state of the chromophore.  
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Figure IV.14.  Time series SERS spectra illustrating transitions between the states C and A of 
individual GFP molecules (100 ms integration time, 100 µW laser intensity). 
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Figure IV.15.  Time series SERS spectra of a single GFP molecule at 100 µW laser excitation 
(100 ms integration time). Molecule captured in the B state (cis/deprotonated) and converts into 
the D state (trans/deprotonated).  
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Figure IV.16.  Time series SERS spectra illustrating transitions between the states B and D of 




IV.4.2. Transitions observed at 700 µW laser excitation 
 We captured another set of time series SERS spectra from single GFP molecules while 
changing the laser power to 700 µW and acquisition time to 50 ms. Interestingly, frequency of 
capturing single molecule jumps in the SERS scans increased at higher laser excitation. Time 
series SERS spectra obtained under high laser excitation (700 µW), show similar transition 
patterns (i.e., A↔B, B↔D, D↔C and C↔A) of GFP chromophore as observed under lower laser 
excitation (100 µW). However, frequency of capturing transitions between the states of he GFP 
chromophore increased significantly at higher laser power.   
 Time series SERS spectra of single GFP molecules illustrated in the Figure IV.17 show 
evidence of transitions between the state B (cis/deprotonated) and A (cis/protonated) of the GFP 
chromophore at elevated laser excitation (700 µW) . As discussed earlier in the previous section, 
transitions between these two states are based on protonation↔deprotonation of the GFP 
chromophore while holding the cis configuration. A spectral shift from 1560 cm-1 to 1530 cm-1 
indicates deprotonation of the GFP chromophore and the opposite (i.e., to 1530 cm-1 →1560 cm-1) 
addresses protonation of the chromophore. In case of the transitions between the states C
(trans/protonated) and D (trans/deprotonated), it involves similar kindsof conversions (i.e., 
protonation↔deprotonation), however, GFP chromophore stays in the trans form. Time series 
SERS spectra illustrated in the Figure IV.18a reveal transitions between the C (trans/protonated) 
state and the D (trans/deprotonated) state of the GFP chromophore. Molecule was captured 
initially in the C state as suggested by the peaks at around 1282 cm-1 (trans) and 1562 cm-1 
(prototnated). A sudden frequency shift from 1562 cm-1 (protonated) to 1523 cm-1(deprotonated) 
between spectra 4 and 5 confirms molecule’s transition to the D state.  Further, peak shift from 
1523 cm-1 (deprotonated) to 1562 cm-1 (protonated) between spectra 6 and 7 exemplifies the 
reversibility of the transition (i.e., D→C) of the GFP chromophore.  
57 
 
In previous Section it’s been observed that specific transitions between he states (i.e., 
B↔D and A↔C) of GFP molecule involve cis↔trans isomerization of the chromophore. At higher 
laser excitation we observed similar transitions, however, a little b  more frequently. Time series 
SERS spectra of a single GFP molecule depicted in the Figure IV.19a illustrates transitions 
between the states C and A of the GFP chromophore. Sudden shift in the peak position fr m 1286 
cm-1 (trans) to 1268 cm-1(cis), while holding the protonated form (as confirmed by the peak at 
around 1561 cm-1) indicates conversion of the GFP chromophore from the C state to the A state 
between spectra 3 and 4. Further, molecule hits back to its original C stte later on, as can be 
noticed from the spectral shift from 1268 cm-1 to 1286 cm-1 between spectra 6 and 7. Similar 
transitions are shown in the Figure IV.19. Moreover, transitions between the states B 
(cis/deprotonated) and D (trans/deprotonated) of the GFP chromophore through cis↔trans 
isomerization were also observed at 700 µW laser excitation and illustrated in the Figure IV.20. 
Therefore, time series SERS scans of single GFP molecules obtained in this present thesis 
work, provide significant evidence of transitions between the 4 conformational states (i.e., A, B, 
C and D) through protonation↔deprotonation and cis↔trans isomerization. Although Habuchi et 
al. demonstrated conversions between the protonated and the deprotonated form of the EGFP 
molecule’s chromophore by SM-SERS [16], no real evidence of transitions between distinct GFP 
chromophore states (i.e., A↔B↔D↔C↔A) has been published yet. Here, in this present thesis 
work, for the first time, we provide significant evidence of such GFP chromophore transitions by 
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Figure IV.17.  Time series SERS spectra illustrating transitions between the states B and A of 
individual GFP molecules (50 ms integration time, 700 µW laser intensity). 
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Figure IV.18.  Time series SERS spectra illustrating transitions between the states D and C of 
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Figure IV.19.  Time series SERS spectra illustrating transitions between the states A and C of 
individual GFP molecules (50 ms integration time, 700 µW laser intensity). 
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Figure IV.20.  Time series SERS spectra illustrating transitions between the states B and D of 
individual GFP molecules (50 ms integration time, 700 µW laser intensity). 
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IV.5. Statistical analysis 
IV.5.1. Population distribution 
 As reported so far in the literature, it is well established that wtGFP can stay either in A 
(cis/protonated) or B (cis/deprotonated) state and conversion between these two states can take 
place [5, 50, 80, 101]. On the other hand, there is no significant evidence on the trans states of the 
wtGFP chromophore in the literature. Although in recent years several groups reported on the 
neutral trans form (C state) of the synthetic GFP chromophores (i.e., HBDI and GFP (Y66)) [91, 
99, 100], mystery about the as suggested trans state is still very much unresolved for the wtGFP 
chromophore. In this present thesis work, for the first time we observed p esence of a state with 
trans/protonated configuration of the wtGFP chromophore at single molecule l vel which agrees 
well with the as suggested C state by Nifosi et al. for HBDI [91]. Moreover, our SM-SERS data 
confirms presence of one more state with trans/deprotonated configuration (as termed D state by 
the authors) of the chromophore, which was not reported earlier.  
Histograms of population of the wtGFP chromophore states (A, B, C and D) are shown in 
the Figure IV.21 for two different laser excitations (100 and 700 µW). More than one thousand 
single molecule jumps were taken into consideration while plotting these histograms. Here the 
registered states are those when single GFP molecules are first caugh at the hotspots. 
Interestingly, as can be seen from the Figure IV.21, our data suggests significant presence of all 4 
chromophore states. Change in the population of states is observed when the incident laser power 
is changed from 100 µW to 700 µW. Comparison of the two histograms of the Figure IV.21 
indicates that the population of the states B and D is suppressed at high laser excitation, which 
consequently associates with a significant increase of the populati n of the C state. Histograms 
plotted in the Figure IV.22 illustrate the population of the GFP chromophore states at the onset of 
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Figure IV.21.  Population of 4 conformational states of wtGFP at two different laser intensities: 
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Figure IV.22.  Population of 4 conformational states of wtGFP at two different laser intensities: 
(a) 100 µW; (b) 700 µW. (black: population at the onset of the hotspot; red: population prior of 
leaving the hotspot) 
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700 µW). An immediate observation is the increase in the population of the states A and C while 
suppressing the population of the states B and D, respectively. For the most part, this increase in 
the population of the protonated states (A and C) are caused by the transitions of the deprotonated 
states through B→A and D→C as observed in the Section IV.5 under laser excitation while 
residing at the hotspots. 
IV.5.2. Transition probabilities 
 Histograms plotted in the Figure IV.23 encapsulate all the transitio  captured in the time 
series SERS scans (exemplified in the Section IV. 4) of single GFP molecules at 100 and 700 µW 
laser excitations. Histograms also demonstrate probability of transitions between the 4 distinct 
GFP chromophore states (i.e., A↔B, B↔D, D↔C and C↔D), cis↔trans isomerization and 
protonation↔deprotonation. Data indicates exceedingly low transition probability etween the 
chromophore states, which is consistent with GFP chromophore’s utmost stabili y inside the β-
barrel structure (discussed earlier in the background chapter) [5, 6, 41]. Moreover, excitation of 
the GFP chromophore at 532 nm is minimal as judged by the author of this thesis work from the 
weak fluorescence at 508 nm. Nevertheless, transitions are not absolutely prev nted as seen in the 
Section IV. 4.  
Comparing all the transition probabilities recorded in the histograms, it reveals higher 
probability of transitions from the states B and D into the states A and C state, respectively. It 
indicates higher protonation affinity of the deprotonated states (B and D) of the GFP 
chromophore under 532 nm excitation rather than the opposite (i.e., protonation→deprotonation). 
These particular transitions (i.e., B→A and D→C) are found to be more probable at the higher 
laser excitation (700 µW). On the other hand, states A and C of the GFP chromophore are found 
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Figure IV.23.  Histograms of transitions associated with the GFP chromophore states a  two 
different laser powers: (a) 100 µW; (b) 700 µW. 
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Interestingly, histograms also indicate low probability of transitions between the chromophore 
states, which involves cis↔trans isomerizations (i.e., A↔C, B↔D). This low frequency of 
cis↔trans isomerization is consistent with GFP chromophore’s rigid stabilization inside the β-
barrel structure. Indeed, inhibition of isomerization inside the barrel stucture impedes the non-
radiative thermalization pathways and makes GFP an efficient fluorophore (discussed earlier in 
the background chapter). 
Change in the probability of transitions between the distinct chromophore states of GFP 
is observed when the incident laser power is altered from 100 µW to 700 µW. In particular, as 
depicted in the Figure IV.24, transition probability increases for all observed t ansitions 
associated with the GFP chromophore, although signal integration time was r duced from 100 ms 
to 50 ms. It suggests, even the excitation source was fixed at 532 nm, higher laser power provides 
higher rate of pumping of the GFP chromophore. Interestingly, specific transitions of the GFP 
chromophore states such as B→A and D→C were found to be more probable at higher laser 
excitation, leading to increasing population of the states A and C, respectively. Figure IV.25 






















































Figure IV.24.  Histograms of transitions associated with the GFP chromophore states a  two 
different laser powers (red: 100 µW, blue: 700 µW): (a) probability of transitions between the 
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Figure IV.25.  GFP chromophore cycle associated with transition probabilities: (a) 100 µW and 




Every single SERS scan was considered as an event during probability calculation. As we 
registered four different states of GFP in this study, it suggests any single tate can stay in its 
original form or can perform a transition to any of the three remaining states (i.e., state W can 
convert into X, Y or Z state or stay as it is) during an event. As such we used following 
expression for probability calculations, 
Probability W→X = NW→X/ N (W) 
Where, 
N W→X = Number of transitions from “W” to “X”  
N (W) = Total number of time steps starting with “W” state 
= N W→W + NW→X + NW→Y + NW→Z 
(NW→W refers no transition of the molecule as such molecule stay in its same state. While, NW→X, 









Using “nanometal-on-semiconductor” SERS substrates, the present work acquires the 
vibrational spectra of single wtGFP molecules under 532 nm laser excitation. Once an aliquot of 
10-9 M wtGFP is spotted on a SERS substrate and a Raman acquisition is started, intense and 
well-resolved peaks are observed to appear and disappear repeatedly over a weak b ckground. 
These temporal “spectral jumps” are captured in every half a minute on he average and sustain 
for 1 s or less. Each jump is associated with a single GFP molecule diffusing into a high SERS 
enhancement factor site (i.e., a “hotspot”), residing it for 1 s or less, and eve tually diffusing out 
of it. The SERS is acquired in time series at continuous intervals of 50 or 100 ms. Therefore, up 
to ~20 single molecule spectra can be captured during a spectral jump. The following conclusions 
are drawn from the results of the present thesis work. 
1. The analysis of the time series single molecule spectra shows structural transitions in the 
chromophore of wtGFP. Typically, these transitions do not occur more than a few times 
in a second under the Raman acquisition conditions employed in the present work. 
Therefore, a single GFP molecule can be captured at a single definite co formational 
state in a 50 or 100 ms time interval. In other words, the “slowness” of the 
conformational changes in the wtGFP chromophore is a fortunate case, because it
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allows the present work to time-resolve the chromophore states and transitions by the 
Raman spectrophotometer employed. In the time scale of conformational changes in 
molecules, these structural changes observed for the GFP chromophore are exceptionally 
slow that is owed to its rigid stabilization inside the β-barrel structure.   
2. A minimum of 4 distinct conformational states of the wtGFP chromophore are observed 
and assigned to cis/protonated (A), cis/deprotonated (B), trans/protonated (C) and 
trans/deprotonated (D) forms of the chromophore.  
3. Statistical analysis of the captured chromophore states reveals substantial presence of all 
the 4 state populations including the trans (i.e., C and D) states. In contrast, reports on the 
trans states of the GFP chromophore are rare and also controversial. The shortage of 
evidence on the trans states in the literature is likely to have led by their nonfluorescent 
nature (i.e., also called “dark states”). They cannot be probed by fluorescence 
spectroscopy (time resolved and excitation fluorescence spectroscopy), which has been 
used extensively to study the photophysics of wtGFP. Rather, the fluorescent 
spectroscopy reveals only the fluorescent states of the chromophore (i.e., A and B). 
Second, the past investigations of GFP photophysics also employed optical absorption 
spectroscopy. Majority of these measurements were conducted at room tempera ure and 
revealed the bands peaking at 395 and 475 nm which are ascribed to protonated (A) and 
deprotonated forms (B), respectively. On the other hand, when analyzed carefully, each 
band is observed to exhibit a shoulder and be the convolution of two different bands. 
However, these observations were not reported or discussed elsewhere, let alone the 




4. Conformational changes occur in between certain pairs of states that line-up i  a cyclic 
pattern (i.e., A↔B↔D↔C↔A). In other words, only the protonation state or 
isomerization state of the chromophore changes per transition.   
5. Conformational changes of the protonated chromophore states, A and C, are less frequent 
(i.e., A→B, A→C, C→D and C→A) compared to those of the deprotonated states, B and 
D. This finding suggests that, the states A and C are more stable than the states B and D 
under 532 nm excitation. The higher transition probabilities for B and D correlate with 
the occurrence of optical transitions for these states under 532 nm excitation. Although 
the optical absorption band peaks at around 475 nm for these states, there is considerable 
absorption at 532 nm, thanks to the wide absorption tail. In contrast, the 532 nm 
excitation is off-resonance with the electronic transitions in the A and C states, whose 
optical absorption bands peak around 395 nm. Consequently, A and C are essentially not 
excited by 532 nm, whereas B and D are. Comparison of the population of states A, B, C 
and D at the onset of residing and prior to leaving the hotspots also suggests hi her 
transition probabilities for B and D states, that accounts for population accumulation at 
the protonated states A and C, respectively. Further, this deduction is confirmed by the 
calculation of the transition probabilities associated with the chromophore states. As 
inferred from the transition probability calculations, specific transitions like B→A and 
D→C through protonation are found to be more probable than A→B and C→D, 
respectively, under 532 nm laser excitation, leading to an increasing population of the 
states A and C. This situation is pronounced more at higher laser excitation.   
6. Frequency of capturing single GFP molecules during the time series SERS measurements 
increases when the laser power is increased from 100 to 700 µW. This finding is 
attributed to optical tweezer effect at the hotspots due to high concentration of he 
electromagnetic field. Additionally, higher laser intensity is found to increase all the 
transition probabilities (i.e., A↔B, B↔D, D↔C, C↔A).  
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7. Transitions between the chromophore states involving cis↔trans isomerization (i.e., 
A↔C, B↔D) are found to be less frequent compared to transitions involving 
protonation↔deprotonation (i.e., A↔B, C↔D). This result is consistent with GFP 
chromophore’s rigid stabilization inside the β-barrel structure. Although the transitions 
A↔B and C↔D also require structural rearrangements, it is believed that the 
isomerization transitions A↔C and B↔D are impeded to a greater extend inside the β-
barrel as they involve rotations. Indeed, inhibition of isomerization inside the barrel 
structure blocks the non-radiative thermalization pathways and makes GFP an efficient 
fluorophore. 
8. Finally, a valid question is how the transitions are promoted by 532 nm irradiation. It is 
likely that B↔D occur by photoisomerization, but photoisomerization cannot drive 
A↔C, because A and C states do not absorb 532 nm photons (i.e., with the exception of 
two-photon absorption). Further, A↔B, C↔D do not involve photoisomerization. 
Therefore, the increased transition probabilities with higher laser intensity are explained 
by increased thermal energy, namely increased amplitude of vibrational mdes in the 
chromophore. The increased amplitude of the vibrations has a higher destabilizing 
(perturbing) effect for transitions to occur [46]. The increased th rmal energy (vibrational 
energy) of the chromophore under laser excitation occurs due to 3 mechanisms: 1) heat 
generation in the nanoparticles with subsequent heat (phonon) transfer to the 
chromophore; 2) non-radiative relaxation of the chromophore excited state where 
relaxation occurs to vibronic states of the ground state (i.e., generation of phonons or 
heat). This mechanism requires absorption of the 532 nm radiation; 3) creation of higher 
vibronic states of the ground state (phonons) by Raman scattering (Stokes shift). This 
mechanism can be significant in the case of SERS. 
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These results, thus, provide A framework for future investigation of GFP chromophore’s 
structural dynamics using SM-SERS with high structural sensitivity, and scope for more insight 
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Green fluorescent protein (GFP) from Aequorea victoria won the Nobel Prize in 
2008 for its revolutionary impact on bio-imaging. However, conformational states of its 
chromophore as well as transitions between them are not understood well. Using 
“nanometal-on-semiconductor” SERS substrates, the present work acquires the 
vibrational spectra of single GFP molecules under 532 nm laser excitation. Once an 
aliquot of 10-9 M GFP is spotted on a SERS substrate and a Raman acquisition is started, 
intense and well-resolved peaks are observed to appear and disappear repeatedly over a 
weak background. These temporal “spectral jumps” are captured in every half a minute 
on the average and sustain for 1 s or less. Each jump is associated with a single GFP 
molecule diffusing into a high SERS enhancement factor site (i.e., a “hotspot”), residing 
it for 1 s or less, and eventually diffusing out of it. The SERS is acquired in time series at 
continuous intervals of 50-100 ms. A minimum of 4 conformational states of the GFP 
chromophore were observed as cis/trans and protonated/deprotonated combinations. 
Statistical analysis of the GFP populations at different states reveals substantial presence 
of all 4 states. Among the 4 states, the transitions occur in between certain pairs of states 
that line-up in a cyclic pattern. Further, as inferred from the calculated transition 
probabilities, particular transitions become more probable under 532 nm excitation. 
Consequently, this bias leads to the increased population of certain states that is 
pronounced more with increasing laser intensity. 
